Introduction
The phylum Placozoa is an unusual group of animals currently represented by a single described species Trichoplax adhaerens. Placozoans are marine animals found on biofilm surfaces around tropical and subtropical environments [1, 2] . They are one of four lineages that separated from the main animal trunk prior to the last common bilaterian ancestor, along with
Cnidaria (e.g. corals, sea anenomes, jellyfish and Hydra), Porifera (sponges) and Ctenophora (comb jellies). Most phylogenetic analyses places them as the closest outgroup to the cnidarianbilaterian ancestor [3] [4] [5] [6] [7] (Figure 1a ), yet their simple morphology have led some to speculate that the modern day placozoan "body plan" is similar to, and descended directly from, that of the last common ancestor of all animals [8, 9] . They consist of a flagelated upper and lower epithelial layer, thought by some to correspond to the dorsal and ventral axis of Bilateria [10] [11] [12] (Figure   1b -c). Total genome sequencing studies have shown that placozoans have a rather complete developmental toolkit for body patterning relative to bilaterians [3, 13, 14] , therefore, it is confounding why these mysterious creatures exibit such a small and seemingly "simple" body plan. Phylogenetic relationship of animals consistent with the vast majority of animal phylogenomic studies (including [3] [4] [5] [6] [7] ). B) Body axes of metazoan lineages. It has been speculated that the top-bottom axis of Placozoa is homologous to the dorsal-ventral axis of Bilateria. C) Schematic diagram of the top, middle and bottom tissue layers of placozoans [12] . The upper layer consists of a thin ciliated epithelial layer, with interspersed shiny spherical cells (SS) thought to be specific to Placozoa. The middle layer has fiber cells (FC) and crystal cells (CC) of unknown functionality. The bottom layer is a thick ciliated epithelial layer interspersed with gland cells (GC) and lipophil cells (LC) used for digestive function.
Karl Grell first described the lower epithelial layer composed of flagellated, cylindrical cells and scattered aflagellated gland cells [12] . The upper layer consists of ciliated epithelial cells interspersed with autofluorescent shiny sphericals thought to be used in predator defense ( Figure 1c ) [15] . Between the upper and lower layers, numerous small, ovoid cells (theorised to be stem cells [16] ) are positioned at the margin along the lateral edge ( Figure 1c ); these have been described in detail by ultrastructural analyses [17] . Also in this internal layer, there are branching fiber cells, the cell bodies of secreting lipophil cells and crystal cells, which each contain a birefringent crystal [18, 19] . The lateral edge of the adult animal is thought to have neuro-sensory functionality based on localization of the neuropeptide RFamide protein in dispersed cells along the edge [20] .
Interestingly, unlike in most other model systems, gene expression analyses have raised more questions than they have supplied answers towards understanding the morphology of
Trichoplax. Only a handful of genes have been described by in situ hybridization in Trichoplax.
A number of these genes (Brachyury, PaxB, Secp1, Trox-2) were shown as being expressed along a ring around the perimeter of the animal, within cells of middle tissue layer [16, [21] [22] [23] .
The homeobox gene Tbx2/3 was shown to be expressed in both upper and lower tissue layers [21] , and expression of another homeobox gene,
N o t
, was reported in the bottom layer in folded tissue along the lateral edge [22] . Actin expression has been reported both throughout [16] and within a patch in the middle Trichoplax [23] . 
Results

Living on a biofilm
Placozoans cohabit hostile marine environments with diverse unicellular organisms, inverbrate predators and high-energy tides and waves. In cultures, they are often sustained on a single species of algae, supplemented with algal growth media and live in a motionless environment [24] [25] [26] . Individual animals can be removed from the biofilm surface through gentle Animals found along the top surface animals appear to cause a break in the surface tension (Video S1), which sometimes was associated with dispersal of an asexual clone (Video S2). 
Cellular and physiological insights into Top vs. Bottom
The top epithelial layer of the animal contains a unique cell type called shiny spheres ( Figure 3a ). This cell-type is thought to be involved with predator defense [15] and exhibits autofluorescence in both the blue and green spectrum ( Figure 3b , Videos S3-S4). While conducting other experiments using calcium sensitive dyes, we found that exposure to high intensity near UV light or temperature shock initiated an autofluorescent wave in the FITC spectrum (Video S4). Using a temperature controller, we found that this wave of autofluorescence is typically initiated when animals are exposed to less than ~12°C or greater than 30°C (data not shown). The reaction is slowed in cold treated animals (Video S5) and expedited in hot treated animals (Video S6), although in each case animals were simulatieously exposed to close to UV light for visualization of the response. Therefore, the response could be entirely UV-related, and thermally expedited or delayed. The generation of the FITC autofluorescence appears to be in cells adjacent or beneath the shiny spheres (which lose their blue autofluorescence in the response) (Video S4). Furthermore, animals exposed to different wavelengths of light (i.e., blue, green and red), only appear to respond to light in the blue spectrum (Video S7) consistent with a previous description [29] . We hypothesize that this process is initiated by different forms of stress, but additional experiments will be required to reveal the biological significance of this peculiar behavior and molecular nature of signaling cascades involved.
Placozoans are thought to feed on bacteria, yeast, algae or some by-product of biofilms through absorbtion along the bottom epithelial layer [11, 26, [30] [31] [32] . To test the absorbative properties of the bottom layer, autofluorescent latex beads of 0.5 and 2 microns were incubated with natural biofilms to create a bead/biofilm matrix. We exposed animals to these beads to see if they would be absorbed by Trichoplax. At low magnification, the autofluorescence of the shiny speres was observed at the FITC wavelength ( Figure 3b ). As we adjusted the focal plane to focus on underlying cells (Figure 3c ), we observed the fluorescence from absorbed beads (Video S3). Under higher magnifications, we observed shiny spheres along the top surface (Figure 3e ), and were able to differentiate two different diameter beads that were compartmentalized within cells along the bottom layer of the animal (Figure 3f , false-colored blue). Additionally, we observed foraging Trichoplax clearing a biofilm using longterm timelapse microscopy (Video S8). These findings suggest that the bottom layer has both digestive [26] and absorbative properties. 
Genomic aspects of placozoans
Since their first discovery, placozoans have been described as diploblastic animals that exhibit a dorso-ventral polarity along the top and bottom tissue layers. To test if this axis is driven by the same set of transcription factors that define doral-ventral patterning in bilaterians [33] [34] [35] [36] [37] , we characterized the Chordin TgfB signaling pathway in
. One of the primary antagonistic iterplays in this pathway is between Bmp ligands and Chordin genes [33] [34] [35] 37] .
Genomic evidence had suggested that a chordin-like gene is present in the Trichoplax genome [3, 13] , yet several elements of the TgfB pathway have yet to be phylogenetically resolved [38] [39] [40] [41] [42] . We conducted phylogenetic analyses using sequences, domains, and Chd domain (Figure 4a-b) . The predicted Chd domains in each Chordin protein appear to be quite variable across the animal kingdom ( Figure S1 ). In addition, the relationship between bona fide chordin genes and some non-bilaterian CR-domain containing genes remain unresolved (e.g. ctenophores [40] , sponges [45] , and Hydra Figure S3 ). We identified a Trichoplax gene related to BMP3 that is also present in ctenophores [40] and may be a distant relative to both BMP3 and Admp (and potentially Nodal), however, we were unable to confirm the orthology of this gene with synteny. 
Elaborate gene expression patterns of key developmental transcription factors
We analyzed a diverse set of eight different genes to determine if territorial patterning occurs and if dorsal-ventral patterning genes are expressed along the top-bottom axis of
Trichoplax. Beta-actin, a house-keeping gene which often exhibits ubiquitous expression in other species, is expressed throughout the Trichoplax body in both top and bottom tissue layers ( Figure 5A ). Trichoplax has a single ortholog of the zinc-finger Snail transcription factor [51] (a marker for mesoderm in bilaterians [52, 53] and endomesodermal cells in cnidarians) [54] [55] [56] .
Snail is broadly expressed in the bottom tissue layer and exhibits a salt-n-pepper pattern along the top surface ( Figure 5B ). BMP2/4 is expressed primarily along the bottom tissue layer, with a few scattered cells around the lateral edge ( Figure 5C ). Chordin, a Bmp antagonist, is found along the bottom surface ( Figure 5D ) and localizes to an overlapping region as BMP2/4 ( Figure   5E ). Bmp3 is expressed asymmetrically along one lateral edge of the animal ( Figure 5F ). Gdf5 is expressed in a ring around the bottom layer ( Figure 5G ). A single Elav gene, a broadneuronal marker in Nematostella [57, 58] , is found expressed throughout the lower epithelial layer ( Figure 5H ). The ParaHox gene GSX (also called Trox-2 [16] ) is broadly expressed throughout the lower epithelial layer ( Figure 5I ).
Figure 5 -Asymmetric expression of mRNA transcripts along the body of Trichoplax. A)
Beta-actin is expressed throughout the tissue layers and appears highly expressed or in a greater number of cells when the animal is contracted (top, left) B) Snail is expressed in a punctate (salt-and-pepper) pattern along the upper/lower layers C) Bmp2/4 is expressed in the bottom tissue layer. D) Chordin is expressed in a small subset of cells along the bottom layer. E) Chordin and Bmp2/4 are in overlapping domains along the bottom tissue layer. F) Bmp3 is expressed along one side of the animal. G) Gdf5 is expressed in a ring around the bottom layer. H) Elav is found broadly along the lower layer. I) Trox-2 is highly expressed throughout the bottom layer. I) Summary of expression domains of genes from within this manuscript and previous expressions of Tbx2/3 [21] , Secp-1 and Not [22] .
Discussion
Much has been learned about Placozoan biology through the application of electron microscopy techniques [11, 17, 27, 30, [59] [60] [61] [62] [63] [64] . On the other hand, to date much less has been gleaned through gene expression studies despite the first gene expression pattern being reported fourteen years ago [21] and the genome being published nine years ago [3] . In this study we establish a new in situ hybridization protocol and use this protocol to show elaborate expression patterns for a range of important developmental patterning genes. These data show a level of complexity in conflict with the low number of morphologically distinct cell-types (approximately six) reported in Trichoplax [3, 12, 19] .
The body axis of Trichoplax is overtly similar to the oral-aboral axis of cnidarians. In the anthozoan cnidarian Nematostella, the transcription factor Snail is expressed throughout the endomesoderm of the animal [54, 56, 65] , and the Chordin-TgfB pathway patterns the directive axis, perpendicular to the oral-aboral axis of the animal [66] [67] [68] [69] . This study shows that orthologs of Chordin, Bmp2/4, Gdf5, Elav and Gsx (Trox-2) Trichoplax are all expressed along bottom layer in at least three territories ( Figure 5J ). In addition, the homeobox T-box transcription factor Tbx2/3 has previously been shown to be expressed in the top and bottom layer [21] . In the ctenophore Mnemiopsis leidyi, Tbx2/3 is primarily expressed in the aboral region [77] with faint expression along the oral surface. Likewise, Tbx2/3 is primarily expressed along the oral surface of the cnidarian Nematostella vectensis ( Figure S4 ). These expression data along with the diverse studies on the feeding behaviour of Trichoplax, suggest that the bottom
of Trichoplax is homologous to the endomesoderm of cnidarians, and thus the "dorso-ventral" axis of Trichoplax is homologous to the oral-aboral axis of cnidarians.
The most detailed analyses of the emergence of dorsal-ventral patterning has focused on the cnidarian Nematostella vectensis. Expression data suggest that this pathway patterns the directive axis of N. vectensis, but it is unclear whether this axis is homologous to the bilaterian dorsal-ventral axis [42] . Comparing the totality of evidence to date, one could argue that the common ancestor of placozoans and cnidarians (i.e., the last common parahoxazoan [78] ), could have exhibited: a) radial symmetry of Chordin and Bmp2/4 similar to placozoans, or b) asymmetric expression of the two genes. In the latter scenario, placozoans would had to have lost components of the cnidarian directive axis. Due to the number of similarities between the bottom surface and oral or endo/mesoderm patterning genes of cnidarians (e.g. expression of
Chordin, Bmp2/4, Gdf5, Elav, Gsx and broad expression of Snail) it is our interpretation that the common ancestor was a radial animal. Furthermore, we propose that these expression patterns 
is a simplified digestive surface [26, [30] [31] [32] . Interestingly, the expression of neuronal patterning genes in digestive tissue is reminiscent of patterns seen in Cnidaria. The larval and adult nervous system of anthozoan cnidarians is both ectodermal and endomesodermally derived. A large population of endomesodermal derived neurons are comprised of sensory-like morphology, express Elav1 and follow along parietal muscles of the digestive track [57, 58, 88] .
In Hydrozoan cnidarians, the nervous system is thought to be derived from I-cells that orginate in the endomesoderm (gastroderm) during embryonic development [89] [90] [91] , although sensory cells can emerge from I-cell free animals [92, 93] . In the absence of a true nervous (or musculature) system, neuropeptide and calcium signaling play a role in complex behaviors of these animals [94, 95] . The presence of this diverse set of markers and digestive cells along the bottom surface provide additional support for the bottom surface of Trichoplax being related to cnidarian oral and endomesoderm tissue. Furthermore the bottom/oral side of the animal is a multifunctional surface, capable of particle transport (e.g. latex beads) and potentially sensory function (e.g. expression of
Our findings, although suggestive, require greater analysis and further study to truly understand how these and other developmental genes shape the body of Trichoplax. For example, the fiber layer of these animals has been overlooked in all studies to date and may require better sampling techniques (e.g. histological sectioning) to completely identify transcripts localized to this region. This research has provided a crucial protocol for advancing our knowledge of these egnimatic understudied animals. Few identified cells types, yet a diverse molecular toolkit make us ask the question, "where have they hidden their morphological complexity?" One possibility is that the "placula/swarmer" morphotypes, currently cultured in labs around the world, are simply the larval or dispersal stage of this clade and are unable to produce viable gametes. Efforts should be made to identify the complete life cycle of these organisms. For example, the adult phase could be a cryptic or parasitic form that bears no morphological similarities to the larval form. After all, an entire clade of lophotrochozoan bilaterians, the Dicyemids, are internal parasites of cephalopod nephridia [96, 97] . It would not be a surpise to learn that Trichoplax sequences show up in some future metagenic sequencing projects that were not even aimed at finding cryptic species. Hopefully, we will soon know the answer to this "simple" problem.
Methods
Collection/culture of Trichoplax
All animals were collected from an outdoor flow-through sea water system at the Kewalo Marine Laboratory (Honolulu, HI). Seawater tanks were seeded with heavily biofouled rocks and algae samples from the nearby Kewalo basin. Animals were collected from glass slides that were placed in a metal slide rack and submerged with the rocks/algae for 3-5 weeks. Tanks were kept under constant low flow rates in full sunlight. Animals were typically found creeping along slides covered with a dense bacterial biofilm that also had microalgae and diatoms present (Figure 2a /c, Video S8). Specimen were removed from the surface of the slide by gentle pipette pressure (Figure 2b ) and transferred to gelatin-coated plastic dishes. Gelatin coated dishes were prepared by disolving gelatin (1x) into distilled water and covering each petri dish (47mm) with approximately 2 ml of liquid. Excess gelatin was then removed and dishes were dried overnight. After transfer, animals were kept for twenty-four hours to allow for acclimation to the dish.
Latex bead experiments
Animals were kept for longer periods of time (e.g. bead feeding experiments) in glass bowls and provided a drop of Micro Algae Grow (http://florida-aqua-farms.com) every 2-3 days. We used latex beads of 0.5 and 2 microns in diameter (Cat.# L3280 & L4530, Sigma Aldrich) to cover the surface of plastic petri dishes filled with seawater. Beads were suspended at a dilution of 1:100 from its stock in seawater, then two droplets from both bead samples were added to each dish and left to settle on the bottom overnight. The next day, dishes were washed with seawater to remove excess floating beads. Animals were then added to each dish and allowed to come in contact with the beads along the surface of the dish for four hours. After four or twelve hours of exposure to beads, animals were fixed and moved to glass slides for visualization by microscopy.
Imaging
All experiments, except those involving fluorescent beads, were visualized using an Axioscope 2 compound microscope with an AxioCam (HRc) camera. Images were compiled using Axiovision software (Zeiss Inc, Jena, Germany). Autofluorescence of shiny sphericals could be seen using a FITC filter cube and was visualized using 488 wavelength settings. For fluorescent bead experiments, live animals were placed on glass slides and visualized using a Zeiss 710 scanning laser confocal. Images were cropped and assembled using Adobe
Photoshop and Illustrator CS6.
Autofluorescent dynamics experiments
Animals were imaged using a newly developed preparation. In brief, a single animal was 
RNA, cDNA and Gene Isolation
We collected a total of approximately 100 animals from biofilm slides and transferred animals to gelatin coated dishes. Any debris transferred with animals was removed periodically to eliminate foreign contaminants from our samples. Animals were starved overnight and cleaned again prior to RNA collection. All animals were transferred to a 1.5 ml tube and gently centrifuged (3000g) to the bottom of the tube. All remaining seawater was removed and animals were suspended in Trizol (Cat.# 15596-026, Invitrogen) and vortexed to lyse the tissue. Total RNA was extracted using the manufacturers protocol. Samples were DNAse (Cat.# 79254, Quiagen) treated to remove DNA contamination (15 minutes at 37°C) and then an additional phenol choloroform extraction was used to clean and precipitate the RNA. cDNA was constructed using a SMARTer® RACE cDNA Amplification Kit (Cat.# 634923, ClonTech) for RACE cDNA and Advantage® 2 PCR Kit (Cat.#639206, ClonTech) for cDNA to be used for general PCR.
A number of desirable genes for analysis were identified using the genome [3] through the Joint Genomic Institute website (http://genome.jgi-psf.org/Triad1/Triad1.home.html). Nucleotide sequences were gathered and primers designed using MacVector (www.macvector.com). A list of primers used in this study can be found in Table S1 . Fragments of approximately 600-1100 bases were cloned using the pGEM® T Easy System (Cat.# A1360, Promega). Probes were synthesized using the MEGAscript® T7/SP6 Transcription Kits (Cat.# AM1334, AM1330, Invitrogen) and were stored at -20°C.
Phylogenetic and synteny analysis
Protein sequences from a diverse set of taxa were collected using the NCBI protein databases (http://www.ncbi.nlm.nih.gov). A list of the different species used in our phylogenetic analyses can be found in Figure S2 . Genomic resources of Mnemiopsis leydei [98] , Acropora digitifera [99] , Capitella teleta, Lottia gigantica, Helobdella robusta [50] , Daphnia pulex [100] and
Branchiostoma floridae [101] were used in this study. Protein coding domains were predicted using SMART [102] and all sequences were aligned using MUSCLE [103] . Trees were constructed using MrBayes [104, 105] using five independent runs, consisting of 5,000,000 generations using "mixed" models. A second tree was constructed using maximum-likelihood analysis using RaxML (version 7.2.8) as described [98] . Maximum-likelihood tree bootstraps were based on 100 replicates. Four different allignments were run using each analsysis. They included conditions listed below each tree. Trees were imported and edited using FigTree (version 1.4.0) [106] .
Whole mount in situ hybridization Animals were transferred from glass slides to gelatin-coated dishes using a glass pasteur pipette (Cat.#CLS7095D5X, Sigma-Aldrich) and allowed to settle on the bottom of the dish overnight. Fixation was achieved by gently adding ice-cold fix (4% PFA, 0.2% Glutaraldehyde in high salt seawater; 0.5g NaCl/50mL seawater) to the dish for 90 seconds. Following this, the solution was gently removed and ice-cold 4% PFA (in high salt seawater) was added and dishes placed at 4°C for 1 hour. Fix was removed and animals were washed three times in ice-cold PTw, 50% methanol:50% PTw, 25% methanol:75% PTw), before washing 5 times in PTw.
Proteinase K was added (0.01mg/mL) for 5 minutes before digestion was stopped by two, 5- 
